Background and aims Primary succession was studied in acid inland drift sands. Main research questions were: 1) How do vegetation and soil change during succession? 2) How are soil parameters and species abundance affected by atmospheric nitrogen deposition? Methods One hundred sixty-five plots were selected in 21 drift sands throughout The Netherlands, divided over eight succession stages from bare sand to dry heath and within a gradient in nitrogen deposition. Vegetation development and soil parameters were described and water-extractable elements measured and differences between high (>30 kg N ha −1 year −1 ) and lower nitrogen deposition sites calculated.
Introduction
Many studies on soils and vegetation of Western European inland dune habitats focused on floristic and syntaxonomical aspects of the mainly cryptogamdominated vegetation (Daniëls et al. 1993; Masselink 1994; Paus 1997) . The study by Hasse (2005) has a broader scope, also paying attention to the soil, and provided a generic classification based on species and soil data, such as pH, soil texture, carbon and nitrogen content. The classification starts with bare sand, followed by vegetation dominated by Corynephorus canescens, Polytrichum piliferum, cup-lichens (and other smaller Cladonia spp.), Campylopus introflexus, reindeer lichens (and other larger Cladonia spp.), grass-dominated vegetation and heath (Fig. 1) . Hasse (2005) showed that accumulation of soil organic matter was the main factor driving succession, covariating with pH and nitrogen (N) content.
Apart from the total N stocks, no extensive data exist on the plant-availability of nutrients in drift sands.
Elements, such as P, base cations or Al are important for plant growth. P is a major plant nutrient and, like N, affected by cycling of organic matter and soil chemical conditions (Kooijman et al. 1998; Kooijman et al. 2009 ). Base cations (Ca 2+ , K + , Mg 2+ and Na + ) are also important, as they may selectively be taken up by the vegetation (Moszynska 1991; Smit et al. 2002) and decrease with the drop in pH during succession. A lower soil pH may also lead to an increase in Al 3+ concentrations and Al:Ca ratios causing potentially toxic conditions to the vegetation (Tietema 1992; de Graaf et al. 1997; van den Berg et al. 2005a; Bowman et al. 2008) .
Acidification may reflect a loss of acid-neutralizing capacity of the soil, due to exchange of base cations (Ca 2+ , K + , Mg 2+ , Na + ) for protons from plant roots and microorganisms. Other causes are atmospheric deposition of protons and proton producing substances, such as sulphur in the past (Bleeker and Erisman 1996; Eerens and van Dam 2001) and nitrogen compounds in past and present, particularly ammonium, which causes soil acidification after nitrification (van Breemen et al. 1983) . Elevated nitrogen deposition may thus cause a lower soil pH, displacement and leaching of base cations and an increase in acid cations, such as Al 3+ . The aim of this paper was to further explore the development of nutrient and base status during succession and the impact of atmospheric deposition in inland dunes. The research questions were: 1) How do vegetation and soil change during succession? 2) How are soil parameters and species abundance affected by atmospheric nitrogen deposition? To answer these questions, vegetation relevés (containing a species list per plot and general plot parameters) and soil samples were collected throughout The Netherlands, divided over several succession stages and within a pronounced gradient in atmospheric nitrogen deposition, which allowed testing for both succession stage and nitrogen deposition.
Materials and methods
A field survey was conducted in 21 drift sand areas, distributed over the main cover sand regions (Drenthe, Veluwe, Utrecht, Brabant and river dunes along the Meuse; Fig. 2 ). In the 21 drift sand areas, a set of 165 relevés of random 1 m 2 plots has been selected, stratified over eight different succession stages ( Fig. 1) representing the chronosequence from bare sand to dry heath. The succession stages are derived from Hasse (2005) but are named after the dominant species: 1 = bare sand (n=24); 2 = bare sand with tufts of Corynephorus canescens (n=5); 3 = mats of Polytrichum piliferum (n=22), 4 = vegetation dominated by small lichens (n=38); 5 = mats of Campylopus introflexus (n=24) and 6 = vegetation with reindeer lichens (n=28). These six succession stages were extended with 7 = grassland, i.e. vegetation with >25% grasses, also containing some lichens and bryophytes (n=9) and 8 = dry heath with >25% cover of Calluna vulgaris (n=15).
For each of the 165 relevés, the vegetation structure was described: height and cover of the different plant types (vascular plants, cryptogams), bare sand and litter. Nomenclature of vascular plants follows van der Meijden (2005) , lichens Aptroot et al. (2004) , and bryophytes Siebel and During (2006) . On mineral soil, in the Corynephorus stage, over 22 algal taxa can potentially be found (Prach et al. 1993 ), but in this study only the dominant species were surveyed, i.e. Klebsormidium spp (on bare sand poor in organic matter), Zygogonium ericetorum (on bare mineral soil rich in organic matter) and Palmogloea protuberans (on litter).
In each of the 165 plots, thickness of the A h was measured, and relative root biomass estimated in three classes (1 = low, 2 = intermediate and 3 = high amounts of roots visible in soil samples). Also, the upper 5 cm of the mineral soil was sampled, combining three subsamples of 100 cm 3 for analysis (de Graaf et al. 1997) . Apart from the Al:Ca ratio, the Al:(Al+Ca) ratio was used, which reduces the variation in the Al: Ca ratio when dividing by relative low values of Ca.
A two-way ANOVA was used to test for differences between succession stages, and between high and low N deposition sites, with stage of succession and N deposition as independent parameters. A one-way ANOVA was used to test for significant differences between high and low deposition sites within a particular succession stage. Significant effects (P<0.05) of N deposition on occurrence of particular plant species were tested with a chi-square test for species having at least 15 occurrences in the data set and being 25% more abundant in one group compared to the other.
Results

Species composition
Vegetation cover and height increased during succession (Table 1 ). In the first stage, vegetation cover was only 9%, but cover gradually increased to 99% during succession. Algae and bryophytes dominated in early succession stages, whereas vascular plants, dwarf shrubs and lichens had the highest cover in older stages. The tall grass Ammophila arenaria is sometimes present in the Corynephorus stage as a relic from earlier times, when the species was planted as an erosion prevention measure. Vegetation height increased from 4 up to 27 cm. In early stages, cover of algae was higher than in later stages. Cryptogam cover gradually increased, but was at its highest in the two lichen-dominated stages. Algae showed their optimum cover in the Corynephorus stage.
Total species density increased during succession, but some of the species groups showed distinct optima. Highest bryophyte diversity was found in the last stages and includes most liverworts, which were present in shaded niches within Agrostis vinealis-dominated grassland and sparse Calluna vegetation. Lichen diversity had its optimum in lichen vegetation with substrate lichens, which are generally smaller species. Nevertheless, lichens formed an important contribution of plant diversity in almost all stages. In lichendominated stages, lichens contributed to 52-62% of species richness, but in other stages, contribution of lichens still ranged from 23% to 44%. Many species depend on the presence of patches of bare mineral soil. Total species density was also highest in the stage with smaller Cladonia species. Larger reindeer lichens occurred in older, taller pioneer vegetation that was already somewhat encroached by grasses. Vascular plant density was highest in the oldest succession stages. In the first succession stages, diversity was mainly due to grasses. In older stages, more and more herbs were present.
The species recorded in the relevés are presented in Table 2 , ordered by their optimum succession stage. A separate group of indicator species was made for taxa occurring in a maximum of three stages. In the bare sand and Corynephorus stages, the vegetation consisted of single tussocks of C. canescens in bare sand, with the sand grains often stuck together by algal filaments of Klebsormidium sp. An indicator species present on patches of bare sand was the lichen Stereocaulon condensatum. Over time, the space between the tussocks of Corynephorus canescens became filled up by the bryophyte Polytrichum piliferum. The moss mat still had an open structure, with sand visible between the individual shoots. Eventually, most of the space became filled up with sparse grasses like Agrostis vinealis, but especially with small lichen species, such as Cladonia coccifera, C. ramulosa and C. grayi. In the stage with Campylopus introflexus, which also established in the Polytrichum moss mat, many lichen species may still occur, even though lichen diversity had clearly dropped and smaller species were generally lacking.
Most vegetation parameters clearly differed between succession stages, but not between areas with low and high N deposition. However, significant effects of atmospheric N deposition were found for cover of algae, total number of species and number of lichen species (Table 3) . Cover of algae was generally two times higher in areas with high N deposition. At high N deposition, total species number was lower in almost all succession stages than at low N deposition. Number of lichen species also significantly decreased at high N deposition, especially in the stage with small lichens.
Few individual species showed a response to N deposition (Table 4 ). The lichens Cetraria aculeata and Cladonia floerkeana, species characteristic for early succession stages, and the perennial herb Hypochaeris radicata, characteristic for late succession stages were species that had significantly higher frequency in low-deposition sites. Several species were more abundant in high-deposition sites, including species from late succession stages (Cladonia gracilis, C. zopfii), species from substrates rich in organic matter (C. macilenta, C. ramulosa, Dicranum scoparium), an annual herb from early succession stages (Spergula morisonii), a graminoid (Carex arenaria) and seedlings of trees (Pinus sylvestris).
Soil characteristics
During succession, thickness of the A h increased from zero to approximately 7 cm, and bulk density and pH decreased (Table 5) . Along with the decrease in pH, the amounts of water-extractable Fe, Al and S in the topsoil increased, as well as Al:Ca ratio. Base cation concentrations were two to three times higher in late succession stages compared to open sand and Corynephorus, despite the decrease in pH. Divalent cations such as Ca and Mg occurred in lower quantities in water extracts than monovalent cations like Na and K, which can be regarded as a side effect of the use of water instead of extraction with a salt solution. Also water-extractable ammonium, nitrate and phosphate both increased during succession, as well as the NH 4 :NO 3 ratio.
Most soil parameters clearly changed during succession, but did not differ between areas with low and high atmospheric N deposition. However, NH 4 :NO 3 ratio, pH and Al:(Al+Ca) ratio were indeed affected by N deposition (Table 6 ). NH 4 :NO 3 ratio was significantly higher at high N deposition, especially in later stages of succession. Soil pH decreased with 0.1-0.3 units in sites with high atmospheric deposition. Also, Al:Al+Ca ratio was significantly higher at high N deposition. The Al:Ca ratio was consistently 0.2-0.9 units lower in the lowdeposition sites, but the difference was not significant.
Discussion
Vegetation succession
The clear increase in vegetation cover and changes in species composition during succession were in accord (11) 26 (14) Height cryptogams (cm)* 0.0 (0.0) 0.2 (0.4) 1.9 (1.6) 2.6 (0.9) 2.7 (0.9) 4.4 (1.2) 2.8 (1.2) 3.1 (1.0)
Cover bare sand (%)* 91 (22) 76 (11) 15 ( (14) 16 (12) 27 (17) 57 (29) 18 ( (27) 22 (29) 13 (10) Cover algae (%)* 23 (38) 62 (21) 19 (23) 14 ( (Riksen and Goossens 2007) , which reduces colonization by other species and may favour the development of highly adapted species characteristic of the smaller lichen vegetation. Eventually, most of the space between the individual P. piliferum shoots becomes filled up with small lichen species and sparse grasses, especially tussocks of Festuca species in addition to Corynephorus canescens. In accord with Hasse (2005) , the first lichens in this stage are primarily species that usually produce fungal spores (Cladonia coccifera and C. grayi) and fine soralia or fragments (Cladonia glauca and C. macilenta). Observations show that species with larger diaspores settle later, e.g. Cladonia borealis, C. strepsilis and volume lichens, i.e. species with a shrub-like, reindeer lichen habit such as C. arbuscula, C. portentosa and C. zopfii. This general increase in size in individual lichen thalli may be related to water retention in the topsoil and transpiration of the vegetation, causing a milder microclimate (Biermann and Daniëls 1997; Bültmann and Daniëls 2001) .
Since its introduction in the 1960s, the exotic, invasive moss Campylopus introflexus establishes between Polytrichum piliferum shoots as well (Sparrius and Kooijman 2011) . In contrast to the smaller lichens, Campylopus introflexus is a strong competitor, especially as it forms an ectorganic layer of several cm. This ectorganic layer, the decaying lower part of the moss shoots, improves N mineralization and nutrient cycling (Sparrius 2011) . Conversely, most lichens form only a thin mat, incapable of competing with taller species. Campylopus introflexus is predominantly present in sites with high N deposition (Sparrius and Kooijman 2011) and usually forms a uniform moss mat up to 5 cm high. However, under low N deposition, reindeer lichen species may become dominant, and form a succession stage that may last (25) 7 (7) ** 2 (2) 4 (6) 5 (7) 6 (7) High 39 (42) 23 (23) 25 (27) 13 (26) 4 (8) 12 (22) 20 (25) Total plant species* Low 1 (1) 7 (3) 17 (5) ** 11 (4) 11 (5) 10 (4) 10 (4) High 1 (1) 6 (2) 14 (3) 10 (3) 10 (3) 10 (3) 12 (2) Lichen species* Low 0 (0) 2 (2) 10 (4) ** 5 (3) Hypochaeris radicata 17 4
Carex arenaria 3 2 1
Cladonia gracilis 13 24
Cladonia macilenta 16 23
Cladonia ramulosa 29 47
Cladonia zopfii 13 19
Dicranum scoparium 17 24
Pinus sylvestris (seedlings) 7 10
Spergula morisonii 17 26
for several decades, before turning into heath and forest (Sparrius 2011) . Both Campylopus and lichen vegetation are eventually invaded from below by stoloniferous grasses, mostly Agrostis vinealis and sometimes Carex arenaria. The vegetation then usually transforms into grassland, with a shorter or longer period in which reindeer lichen species dominate. In older stages, more and more herbs were present, many of which are indicators of well-buffered soils and primary occur in the Genisto anglicae-Callunetum association (Weeda et al. 1996) .
At some sites, especially on gravel-rich blowouts and sometimes on sites with buried profiles Calluna vulgaris settles to form a mosaic with lichen vegetation. Apart from lower aeolian dynamics and more stable conditions for soil development, which allows the vegetation to grow faster, sites with a buried soil or a vertical transition of drift sand to more compact (peri)glacial deposits may also have improved growth conditions via higher water retention capacity as found by Bijlsma (2010) in forested drift sands. Such more humid places can be recognized in earlier succession stages by the presence of Juncus squarrosus, Molinea caerulea and Salix repens. The lifespan of species-rich lichen vegetation may be prolonged if Calluna growth and forest development is controlled by grazing and tree removal (Daniëls et al. 2008; Sparrius 2011) .
Soil formation and nutrient availability during succession
In accord with Hasse (2005) , soil organic matter increased during succession and the pH became lower as a result of the accumulation of soil organic matter. (15) 44 (40) 54 (15) 96 (46) 54 ( However, in spite of the drop in pH, base cations also increased during succession. This can be explained by the increases in soil organic matter and cation exchange sites and concurrent enhanced capacity of the soil to retain cycled base cations (see e.g. Berendse 1998 ). Also, the abundance of living grass roots in the topsoil increase with succession, resulting in especially higher levels of phosphate and potassium (Nye 1968). Plant available ammonium, nitrate, potassium and phosphate increased during succession as well, nutrients promoting biomass production and accumulation of soil organic matter. Of both N forms, ammonium becomes the dominant N form in later succession stages, probably as a result of better adsorption of ammonium from atmospheric deposition to soil organic matter.
Effects of N deposition on the vegetation
High N deposition seemed to affect the composition of the vegetation. The total number of species was lower in high-deposition areas. For vascular plants, field surveys in the same sites by Nijssen et al. (2011) have shown that herbs like Jasione montana and Filago minima occurred more frequently in lowdeposition sites. However, those species are always present at very low densities, which made it impossible to detect differences in abundance with the method used in this paper. Pinus sylvestris and Spergula morisonii showed a strong affinity with high-deposition sites. These species usually settle in early succession stages with low N availability (Sparrius 2011) , and may thus profit from higher N. Although survival of young trees strongly depends on moisture conditions, a higher abundance of seedlings can be seen as an indicator for permanent settlement of trees, which is a problem in inland dunes, as removal of young trees is the most frequently applied conservation measure to maintain the open landscape (Riksen et al. 2008; Nijssen et al. 2011 ).
Higher algal cover was also found by van den Berg et al. (2005b) , who found a three-fold increase of algal biomass after fertilization with a dose equivalent to 80 kg N ha −1 year −1 on calcareous dune sand at a site with 1 kg N ha −1 year −1 background deposition.
The decrease in number of lichen species at high N deposition corresponds with the general decrease of lichens with application of N (Gordon et al. 2001; Soudzilovskaia et al. 2005; Hasse and Daniëls 2006; Britton and Fisher 2010; Sparrius 2011) . The decrease in lichen species was most prominent in vegetation dominated by small cup-lichens. Effects for individual species were more difficult to detect, as they were mainly present in low densities. Two lichens Cetraria aculeata and Cladonia floerkeana of early succession stages with patches of bare soil and a perennial herb showed a clear preference for low-deposition sites. Common species of later succession stages, such as the lichens Cladonia gracilis, C. macilenta, C. ramulosa and the moss Dicranum scoparium even showed a preference for high-deposition areas, which suggests that they are less sensitive to N deposition than smaller species. Apart from C. zopfii, all these species have a much wider distribution than typical inland dune species and also occur on decomposing litter (Hasse 2005) and pine stumps (Daniëls 1983) . C. macilenta and Dicranum scoparium also occur (10) 68 (6) 70 (8) 70 (8) 65 (13) 67 (11) Al:Ca ratio (mmol mmol widely on wood and epiphytic Siebel and During 2006) . This suggests that in sites with high N deposition, typical inland dune lichens seem to be replaced by more ubiquitous species. The gramenoid Carex arenaria was mainly found in sites with high N deposition. In lime-poor coastal dunes, C. areneria is the main threat to species-rich pioneer vegetation as its leaf litter decomposes slowly (Kooijman and Besse 2002) .
Effects of N deposition on the soil
Within the range of succession stages, soil carbon content is the most important factor explaining pH and N availability (Berendse 1998; Hasse 2005; KetnerOostra and Sýkora 2008; Sparrius 2011) . However, N deposition seemed to play a role as well. Differences between low and high deposition sites were found with respect to indicators of soil acidification, such as pH and the ratio between Al and Ca. This can be explained by atmospheric deposition of protons and proton producing substances, such as sulphur in the past (Bleeker and Erisman 1996; Eerens and van Dam 2001) . As atmospheric N deposition mainly originates from lifestock breeding, high-deposition sites have elevated ammonium levels whereas deposition of nitrate is more or less equal in high and low-deposition sites. This difference in atmospheric deposition is reflected in a higher ammonium:nitrate ratio in the soil. Ammonium causes displacement of especially the less bound Ca 2+ ions, compared to the stronger bound Al 3+ on cation exchanges sites (van Breemen et al. 1983; Bowman et al. 2008) . Ammonium may also stimulate nitrification by the increased amount of substrate for nitrifying bacteria (van Breemen et al. 1983; Sparrius 2011) , which is also responsible for soil acidification The observed increase in the Al:Ca ratio could be due to increased release of Al from fines, which are sequioxides and clay coatings on soil particles. Al dissolution is considerably enhanced by the drop in pH (Sevink and de Waal 2010) .
Conclusions
Drift sand succession seems to be mainly driven by an increase in organic matter, but is accelerated by nitrogen deposition. Solum depth, nutrient availability and amount of base cations of the soil increased during succession, along with the increase in soil organic matter, and despite the decrease in pH. Increased N deposition cause cation displacement from cation exchange sites and leaching of base cations from the top soil resulting in a lower pH and higher Al:Ca and NH 4 :NO 3 ratios. The vegetation is affected by nitrogen deposition, promoting growth of algae, seedlings of Pinus sylvestris and some other species of late succession stages, but reducing diversity in lichens.
